Pediatric nephrourological diseases are associated with functional alterations frequently related to inflammatory states. A feedback loop adjusts urinary system function while forcing adaptation to internal and external influences during disease development and as a result of treatment. We hypothesized that nephrourological dysfunction would alter the urine metabolite pattern in children in a defined manner. To characterize the metabolite patterns associated with nephrouropathies, a proton nuclear magnetic resonance ( 1 H NMR)-based metabonomic analysis was performed on urine samples obtained from twenty-one children affected by nephrouropathies and 19 healthy controls. Urine samples were analyzed with a 400 MHz Varian spectrometer and multivariate statistical techniques were applied for data interpretation.
ABSTRACT
Pediatric nephrourological diseases are associated with functional alterations frequently related to inflammatory states. A feedback loop adjusts urinary system function while forcing adaptation to internal and external influences during disease development and as a result of treatment. We hypothesized that nephrourological dysfunction would alter the urine metabolite pattern in children in a defined manner. To characterize the metabolite patterns associated with nephrouropathies, a proton nuclear magnetic resonance ( 1 H NMR)-based metabonomic analysis was performed on urine samples obtained from twenty-one children affected by nephrouropathies and 19 healthy controls. Urine samples were analyzed with a 400 MHz Varian spectrometer and multivariate statistical techniques were applied for data interpretation.
Linear discriminant analysis-based classification of the spectral data demonstrated high accuracy (95%) in the separation of the two groups of samples. By extension, the urine metabolite profiles were shown to correlate with nephrourological disorders in our model. In conclusion, 1 H NMR-based metabonomic analysis of urine appears to be a promising, non-invasive approach for investigating and monitoring pediatric nephrourological diseases.
INTRODUCTION
In clinical settings, biofluid analysis (e.g. blood, urine, cerebrospinal fluid, saliva) is used extensively to evaluate pathophysiological conditions, since the composition of biological fluids may reflect underlying metabolic processes. Urine has historically been examined for signs of illnesses, thus providing a fingerprint for different conditions. Compared to other biofluids, urine is readily accessible for analysis owing to its easy and noninvasive collection and might also provide information about metabolic changes related to different physiological and pathological status. Recent "omics" technologies consist of approaches with a holistic perspective on macromolecules such as genes and proteins: genomics and proteomics. In many contexts, genomics and proteomics provide limited evidence of endpoint markers in diagnosis, toxicology, pharmacology, and/or prevention. In contrast, this aspect may be satisfied by the youngest of the "omics" disciplines: metabonomics. Metabonomics defined as "the quantitative measurements of the dynamic multyparametric response of living systems to to pathophysiological stimuli or genetic modifications" (1) is the comprehensive and simultaneous systematic determination of metabolite levels that are present within a cell, tissue organism in response to genetic modifications, physiological conditions, pathological stimuli, drugs, diet, lifestyle via analysis of biofluids and tissues. This technique is based on the analysis of multi-parametric metabolic profiles mainly generated by NMR spectroscopy and/or mass spectrometry. This approach typically produces a large number of extremely complex datasets as a result of different conditions in biological systems. Multivariate spectroscopic data are often analysed using chemometric and pattern recognition techniques to extract latent metabolic information and enable sample classification. From these profiles it is possible to generate "metabolic profiles" associated to a particular set of pathways or class of compounds, or obtain "metabolite fingerprints". Metabonomics approaches applied to urine have identified differences due to gender (2), diurnal variation (3), and drug or toxins exposure (4) . In recent years there has been increased application of NMR-based metabonomics in clinical settings and in disease diagnosis, e.g. neurological disorders (5), and cancer (6) . Metabonomic analysis has been used to evaluate individual drug effects and predict possible toxicity and underlying mechanisms (7) . Metabolic changes may predicted individual response to treatment prior to morphological damage (8) . Paediatric studies have indicated that metabolic profiles may be useful in assessing the biological age (9), correlate with airway dysfunction in an asthma model (10) , and identify early biomarkers of acute kidney injury after cardiac surgery (11) . So, all together, information generated by a metabonomic approach may lead to an early diagnosis of disease, identification of new markers and development of a better personalized medicine. The fact that these analyses are not invasive is an important factor especially in children. Application of urine metabonomic analysis in newborn children could serve to monitor metabolic maturation over time, identify biomarkers as early predictors of outcome, and implement a tailored management of neonatal and paediatric disorders. We describe here the application of 1 H-NMR spectroscopy-based metabonomics to investigate urinary metabolic profiles, with the aim of generating new information about metabolic patterns associated with different nephrourological disorders in children.
MATERIALS AND METHODS

Subjects
The study was performed on two groups of children admitted to the Paediatrics Division, Pescia Italy. Twenty-one patients were affected by different nephrouropathies [renal dysplasia (n=5), vesico-ureteral reflux (n=7), urinary tract infection (n=4), acute kidney injury (n=2), and others (n=3)], and there were19 healthy control subjects. Clinical data from each patient was collected from hospital records. An urine sample (1 mL) was collected non-invasively from each patient using a standard protocol during hospitalization and then were stored at -80°C until NMR analysis. Urine samples were collected and prepared for the 1 H-NMR analysis with a 400 MHz Varian spectrometer.
Preparation of urine samples
A 400 mul aliquot of thawed urine was mixed with 200 mul of 0.2 M phosphate buffer solution (pH 7.4) to stabilize the pH of the urine. Then, an aliquot of 50 mul of TSP (3-trimethylsilyl-2 H 4 -propionic acid) in D 2 O was added to a final concentration of 0.8 mM to provide an internal reference for the chemical shifts (0 ppm).
NMR spectroscopy
1 H NMR spectra were acquired at 399.94 MHz on a Varian 400 Unity Inova spectrometer. The experiments were performed in 5-mm NMR tubes at 27°C. The water signal was suppressed using the first increment of a NOESY pulse sequence with irradiation during a relaxation delay of 2 s and also during a mixing time of 150 ms. Typically, 128 free induction decays (FID)s were collected using a spectral width of 6000 Hz, a 90° pulse of 6.4 mus, an acquisition time of 4 s, and a total pulse recycle time of 6 s.
Data reduction of the NMR spectra
In order to maximize the probability of using all the metabolic information in the spectra and to use a reproducible procedure, the spectra were reduced by segmentation into consecutive non-overlapped regions (buckets), and the spectral area in each region was integrated using the software program Mnova (Mestrelab Research S.L., www.mestrelab.com). Dimensionality reduction of the data matrix was achieved by binning the data into regular 0.04 ppm width regions across the chemical shift region of interest: [10-5.5]-[4.5-0] ppm. The resulting normalized integrals or "buckets" were subject to multivariate analysis using the SIMCA-P+ (Version 12.0, Umetrics, Umeå, Sweden) software package. Principal component analysis models were initially built to look for outliers, and subsequently supervised partial least squares (PLS), PLS-discriminant analysis (PLS-DA) or orthogonal PLS (OPLS) modelling was performed. PLS is a multivariate regression tool in which one or more Yvariables are regressed to the x-matrix. PLS-DA is an extension which is optimized to provide information about class distinctions (for example different treatments or conditions). OPLS performs an orthogonalization such that the variance with respect to Y is directly related to the primary component of the model in X.
RESULTS
In the present study, nineteen healthy children (11 boys and 8 girls; mean age +/-standard deviation, 7.2 +/-4.3 years) and twenty-one children affected by nephrourological diseases (10 boys and 11 girls; mean age +/-standard deviation, 5.4 +/-3.3 years) were recruited. Assuming the metabolic state of healthy children to be normal, we hypothesized that renal disorders could affect the metabolic profile of urine. All urine samples were analysed by NMR spectroscopy in order to evaluate differential metabolic profiles. Representative NMR urine spectra from a normal child and a child suffering from a renal disorder are shown in Figure 1A and Figure 1B . In order to characterize the multivariate structure in the data, an unsupervised Principal Component Analysis (PCA) model was created (Figure 2) . This model showed some difference between the disease and control groups, which encouraged further analysis using supervised methods. Partial least-squares discriminant analysis (PLS-DA) is a supervised extension of PCA which allows for class separation and interpretation of changes in the underlying metabolites.. The classification of different pathological conditions was performed using two different states (disease and control) as a preliminary model to discriminate metabolic profiles. In order to reduce the impact of variance in the x-matrix (NMR data) unrelated to the two groups ("noise" in the data), we also performed a supervised analysis based on the OPLS-DA algorithm implemented in SIMCA Software to perform an orthogonalization such that the variance with respect to Y is directly related to the primary component of the model in X (Figure 3) . The misclassification list for OPLS/O2PLS-DA, that shows the proportion of correct classification of the workset, gave a total value of 95% (Fisher Value 3e -10 ).
In this model, we could identify the most important variable influence on projection (VIP) for the metabolites responsible for separation of the two groups. This data is illustrated in Figure 4 . In our paediatric patients, we were able to identify some regions of interest in the chemical shift diagram of the urine metabolites that were possibly related to nephrouropathies. In fact, spectral alterations in the [3.5-3.9] , [4,1-4.4] , [8.2-8.6 ] chemical shift regions ( Figure 5 ) are generated by renal cortex pathology strictly related to the alterations of purine and pyridine and to the alterations of the urea cycle (9, 12) . Due to the fluxes in the metabolic cycles of nitrogen, the alterations we found, having "markers" in the 3.0-3.9 ppm region, could be considered as an important factor in the urea cycle and metabolism of amino groups. It is important to note that certain alterations found in this region of chemical shift of urine NMR spectra and connected with urea cycle are possibly related to alterations in the development and growth of children.
DISCUSSION
The aim of this study was to verify if a metabolic signature could discriminate certain pathological conditions affecting the kidney and/or urogenital tract. Urine NMR analysis enables one to quantify a large number of compounds and thus to give a relatively complete picture of metabolic mechanisms. In clinical settings, urine is routinely examined because of its non-invasive and easy collection. Urine is a complex biofluid containing several components, which include many by-products reflecting different metabolic processes. For this reason, this biofluid is largely used in metabonomic studies as a source of metabolic information for the whole organism. Metabolite changes can be associated with pathological conditions (13, 14) . Metabonomic approaches are non-invasive, holistic, and low cost analyses. The present study was aimed at analysing the metabolite composition of NMR urine spectra rather than the urinary concentrations of individual metabolites, since the mere determination of the main urinary metabolites is poorly informative. Moreover, sample variability is an important factor to consider in metabonomic studies of urine (15) . High field proton nuclear magnetic resonance spectroscopy ( 1 H NMR) is a powerful, non-invasive, technique which provides extensive information on both the structure and the composition of low molecular weight metabolites in biological fluids. Human biofluids give characteristic 1 H NMR "fingerprints" of metabolites that are affected by the basic mechanism, severity, and location of a pathologic lesion (16) (17) (18) (19) (20) (21) . Analysis of urine by NMR spectroscopy offers different advantages such as the following: a) nondestructive and non-invasive; b) wide range of metabolites detectable, and no requirement for metabolite pre-selection; b) small sample volumes required (typically 0.3-0.5 ml); c) rapid acquisition of NMR data (less than 10 minutes); d) very high reproducibility; e) low cost per sample. The sensitivity of "-omics" technologies, including metabonomics relies on the ability to identify small differences in pathological conditions. For this reason, in order to use a metabonomic approach it is essential to characterize the "normal" status, and in our study, we assumed that the "normal" urine pattern was that observed in healthy children. The analysis of urine by NMR does not require sample pre-treatment and the collection of the sample is non-invasive. In the future, the technique used to evaluate the variability in metabonomic data might have important applications in diagnosing metabolic diseases, evaluating drug response, monitoring therapy, or predicting the long-term evolution of renal disorders. In summary, urine 1 H-NMR metabonomic analysis is able to investigate the metabolic function of different organ systems, namely the kidney, and thus may be a useful tool for studying metabolic development in childhood. In fact, this analysis is able to detect a wide range of compounds in a small urine sample, avoiding the use of more complex methods.
6.CONCLUSIONS
In our model, alterations of urine 1 H-NMR spectra metabolites correlated with renal pathology. Urine NMR analysis appears to be a promising, non-invasive technique for classifying and monitoring nephrourological disorders in paediatric patients.
